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Abstract
Interactions between pedestrians and automated ve-
hicles (AVs) will increase significantly with the pop-
ularity of AV. However, pedestrians often have not
enough trust on the AVs , particularly when they are
confused about an AV’s intention in a interaction. This
study seeks to evaluate if pedestrians clearly under-
stand the driving intentions of AVs in interactions and
presents experimental research on the relationship be-
tween gaze behaviors of pedestrians and their under-
standing of the intentions of the AV. The hypothesis
investigated in this study was that the less the pedes-
trian understands the driving intentions of the AV, the
longer the duration of their gazing behavior will be. A
pedestrian–vehicle interaction experiment was designed
to verify the proposed hypothesis. A robotic wheelchair
was used as the manual driving vehicle (MV) and AV
for interacting with pedestrians while pedestrians’ gaze
data and their subjective evaluation of the driving in-
tentions were recorded. The experimental results sup-
ported our hypothesis as there was a negative correla-
tion between the pedestrians’ gaze duration on the AV
and their understanding of the driving intentions of the
AV. Moreover, the gaze duration of most of the pedes-
trians on the MV was shorter than that on an AV. There-
fore, we conclude with two recommendations to design-
ers of external human-machine interfaces (eHMI): (1)
when a pedestrian is engaged in an interaction with an
AV, the driving intentions of the AV should be provided;
(2) if the pedestrian still gazes at the AV after the AV
displays its driving intentions, the AV should provide
clearer information about its driving intentions.
1 INTRODUCTION
The functions and capabilities of automated driving
system (ADS) are continuously being improved with
increasing emphasis on safety. The ADS is not only
used in ordinary cars, but it is also widely applied to
personal mobility vehicles (PMVs) [1, 2] and delivery
robots [3, 4]. These vehicles equipped with ADS are
called automated vehicles (AVs). The number of inter-
actions between AVs and pedestrians will increase sig-
nificantly with the popularity of AVs, since some PMVs
and delivery robots interact with pedestrians in shared
spaces and sidewalks [5]. However, AVs have encoun-
tered some resistance during the stage of popularization
in society [6, 7]. One aspect of the resistance is that the
public do not trust the AVs [8] when they do not under-
stand the capabilities and performance of the AVs in an
interaction, particularly when the intention of the AV is
not clear to them. A typical example of such interaction
is depicted in Fig. 1: a pedestrian may feel worried and
overwhelmed when she wish to cross the road in front
of an AV because it is difficult to determine whether
the AV has detected her, could keep her safe, and will
give her the right-of-way. Furthermore, the same prob-
lem is likely to occur when a pedestrian interacts with
AVs in shared spaces and sidewalks. To address this
issue, Habibovic et al. and Rasouli et al. concluded
that it is important for vehicles to communicate with
pedestrians about their driving intentions during the in-
teraction [9, 10]. To realize a communication between
pedestrians and AVs, the external human-machine inter-
face (eHMI) for automated vehicles could be considered
a useful method [11, 12].
Using the eHMI, the AV can clearly and quickly con-
vey the driving intentions of the AV to the pedestrians
thus improving the acceptability and the popularization
of AVs. However, as illustrated in the Fig. 1, situa-
tional and timing details of providing information on
driving intentions of AVs to pedestrians and evaluation
of the pedestrians’ current understanding of the driving
intentions of the AV remain undetermined. Therefore,
to evaluate whether pedestrians clearly understand driv-
ing intentions of AVs during interactions is the research
objective of this study.
The main purpose of this paper is to find an ob-
jective measure to evaluate the uncertainty of pedes-
trians when they try to understand the driving inten-
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Figure 1: Pedestrian does not understand the intention
of the AV during the interaction; therefore, she does not
trust it. The AV cannot determine if the pedestrian un-
derstood its driving intentions.
tions of the AV. For this task, we surveyed the litera-
ture on cognitive psychology. Many studies reported
that gaze duration is related to the levels of understand-
ing [13, 14, 15, 16, 17]. Therefore, the gaze duration of
pedestrians on the AV is the focus of this study. As a fur-
ther consideration in the pedestrians’ situation aware-
ness process, we consider that if pedestrians have an
unclear understanding of the AV’s driving intentions,
then they will continue to gaze at the AV. Thus, the gaze
duration of pedestrians on an AV could be used to rep-
resent the degree of the pedestrian’s understanding of
the AV’s driving intentions. The experiment conducted
in this study aims to verify the correlation between the
pedestrians’ gaze duration on an AV and their under-
standing of the AV’s driving intentions during the inter-
action.
2 RELATEDWORKS
Many subjective evaluation methods have been used
to obtain pedestrians’ views on participant-AV inter-
actions [1, 18, 19, 20, 21]. To establish communica-
tion between an AV and a pedestrian, Watanabe et al.
mounted a projector on a robotic wheelchair to show
the navigational intention of the wheelchair. Then they
investigated pedestrians’ understanding of the driving
intentions and the feeling of comfort in the interac-
tion with a questionnaire [1]. Stefanie et al. evaluated
the efficacy of eHMIs, such as a steady, flashing, and
sweeping light signal to communicate an AV’s inten-
tion to yield, by using questionnaires and structured in-
terviews with participants [18]. Clercq et al. compared
pedestrians’ understanding of information from differ-
ent types of eHMI, such as front brake lights, knight-
rider animation, smiley face, and text. Participants con-
tinuously evaluated their feeling of safety by pressing a
button during the AV-pedestrian interaction [19]. Simi-
larly, Lee et al. and Lo¨cken et al. analyzed the differ-
ence of pedestrians’ subjective evaluations for various
types of eHMI in a virtual reality space using a ques-
tionnaire [20, 21].
Meanwhile, objective variables have been used to an-
alyze the interaction between pedestrians and vehicles
in a small number of studies [22, 23, 24]. Dey et al.
conducted an eye-tracking study with 26 participants
in a road-crossing situation. They found that the gaze
of the pedestrians gradually moved to the windshield at
the driver’s position as the manual driving vehicle (MV)
was approaching [22]. Thus, the pedestrians look at the
driver and hope to acquire the driver’s intention when
they cannot recognize whether the vehicle will stop.
However, for level 3-5 AVs [25], pedestrians cannot un-
derstand the driving intentions from the driver or the
passenger because the AV usually does not require the
operations of a driver. Therefore, pedestrians can only
recognize the AV’s intention by the driving behaviors,
such as speed, acceleration, and direction. To investi-
gate whether pedestrians can recognize driving inten-
tions from AV driving behavior, Fuest et al. focused on
the intention recognition time when AVs interacted with
pedestrians [23, 24]. To observe the intention recogni-
tion time, the participants were asked to press a but-
ton when they thought they recognized the vehicle’s in-
tention. The study compared the participants’ intention
recognition time for the AV and the participants’ subjec-
tive evaluation results of understanding the AV’s driving
intentions in different right-of-way situations. However,
it did not examine the relationship between the intention
recognition time and an understanding of the AV’s driv-
ing intentions.
3 HYPOTHESIS
The main purpose of this paper is to find an objec-
tive measure to represent the uncertainty of pedestrians
when they try to understand the driving intentions of the
AV.
In our model, the pedestrians use their cognitive abil-
ities to assess the situation within their surrounding en-
vironment that includes the AV. Then they acquire sit-
uation awareness, which is used to make a decision.
Finally, the pedestrians act according to the decision.
The above process is represented in Fig. 2. This study
focuses on situation awareness, which includes three
steps: perception, comprehension, and projection [26].
Firstly, situation awareness relies on the perception of
things in the surrounding environment, such as the AV’s
relative position, distance, and speed. Secondly, com-
prehension is taken as the understanding of the current
state of the AV, such as the driving intention of the AV.
Thirdly, based on the result of the comprehension, the
pedestrian will predict the driving behavior and moving
trajectory of the AV. Based on the described process,
we suppose that if the pedestrian does not understand
the AV’s driving intentions clearly in the comprehen-
sion step, the pedestrian will return to the perception
step to observe the vehicle until they believe they have
correctly understood the driving intentions of the AV. In
summary, the gaze duration could express pedestrians’
requirements to understand the driving intentions of an
AV while also represent a degree of the pedestrian’s un-
Decision Action
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Figure 2: The decision-making model of a pedestrian has three steps: situation awareness, decision, and action.
The hypothesis of this work is that pedestrians will repeatedly observe the vehicle when they are not certain of the
vehicle’s driving intention.
derstanding of the AV’s driving intentions.
Therefore, we propose a hypothesis based on the
above process: the less the pedestrian understands
the driving intentions of the AV, the longer the dura-
tion of their gazing behavior will be.
4 PEDESTRIAN–VEHICLE INTERACTION
EXPERIMENT
To verify the proposed hypothesis, we assumed that
a low speed AV, a PMV, would interact with pedestri-
ans in a shared space. We used a robotic wheelchair
as the AV that could automatically drive following pre-
designed routes, but it did not have the functionality
to interact with pedestrians. Therefore, we conducted
a Wizard of Oz (WOZ) experiment: an experiment in
which the participants are led to believe they are in-
teracting with an autonomous system but the system
is operated or partially operated by the experimenter.
WOZ experiments are often used in the research of hu-
man–machine interaction. Throughout our experiment,
an experimenter secretly controlled the AV and was able
to stop it according to the actual situation during the
participant–AV interactions.
The goal of this experiment was to record the gaze
duration of the participants when they interacted with
a manual driving vehicle (MV) and an AV. Mean-
while, the participants’ subjective evaluation of the in-
teractions was recorded using questionnaires. In addi-
tion, the correlation between the participants’ subjective
evaluation and gaze duration on the vehicle was ana-
lyzed.
This experiment was approved by the ethics review
committee of Institute of Innovation for Future Society,
Nagoya University.
4.1 Experimental condition
4.1.1 Movement routes
The movement routes for pedestrian–vehicle interac-
tions are shown in Fig 3. A robotic wheelchair equipped
with an automated driving system acted as the experi-
mental vehicle. It did not have the function to interact
with pedestrians, but it could automatically drive fol-
lowing predesigned routes. Three driving routes were
prepared in advance, and they are shown in Fig. 3 with
red lines. The participants were asked to walk at their
normal pace from the starting point to the end point that
is shown in Fig. 3 with a blue line. They interacted with
the vehicle when the vehicle was on route 1 or 2. The
interaction when the AV takes route 1 simulates a scene
of a crossing paths. The interaction when the AV takes
route 2 simulates a scene in which a pedestrian and an
AV approach each other on a straight road. Although
the pedestrians did not interact with the vehicle on route
3, they could still observe, evaluate, and predict the be-
havior of the vehicle.
4.1.2 Vehicle
A robotic wheelchair–WHILL Model CR, shown in
the left part of Fig. 4, was used as the experimental vehi-
cle,. For manual driving, an operator rode on the robotic
wheelchair (i.e. MV) and used the available joystick to
manipulate it. The operator did not actively convey in-
formation about driving intentions through actions or
language to the participants. Meanwhile, there were no
turn lights or brake lights on the vehicle to communi-
cate the status of the vehicle to the participants. For
automated driving, the robotic wheelchair (i.e. AV) was
equipped with a multilayered lidar (Velodyne VLP–16)
and wheel encoders. The lidar was utilized for self-
localization on a previously built environmental map.
We recorded the time-stamped position of the vehicle
and its linear and angular velocities and accelerations.
The AV had an automatic brake function that was ap-
plied when there was an obstacle within 0.5 meters di-
rectly in front of it. This function was used to ensure
the safety of the participants in the experiment. The
AV could automatically drive following the predesigned
driving routes, but it did not have the functions to rec-
ognize pedestrians and interact with them, e.g. auto-
matically yielding the right–of–ways. The experimenter
used a wireless remote controller, which is shown in the
right part of Fig. 4, to secretly control the AV and to stop
it according to the actual situation during participant–
AV interactions. The maximum speed of the vehicle
was limited to 1 [m/s] for automated and manual driv-
ing. The driving route was randomly selected before the
experiment. During the experiment, no devices were
showing information about the driving status and inten-
tions of the AV to the participants.
3Figure 3: Three designed routes followed by the robotic
wheelchair in red and one pedestrian route in blue. The
black areas are obstacles that cannot be passed.
LiDAR
PC for
automated driving
Vehicle ( WHILL Model CR )
Remote controller for 
stopping the vehicle
in interactions
Figure 4: The robotic wheelchair equipped with a Li-
DAR, wheel encoders, and a wireless remote controller
for the automated driving.
4.1.3 Participants
Ten participants, three females and seven males, aged
20-29 (mean: 23.2, std 2.14) were invited to this exper-
iment. Nine participants had a driver’s license, and one
participant did not. None of them had any prior experi-
ence with AVs.
To measure the gaze behavior of the participants dur-
ing walking, they were asked to use a wearable eye
tracker–Tobii Pro Glasses 2 throughout the experiment.
4.2 Experimental procedure
First, we explained to the participants following in-
formation before the experiment:
1. Please walk at your normal pace from the starting
point to the end point.
2. An experimental vehicle will interact with you dur-
ing your walk.
3. The vehicle has three driving routes, and it will
randomly select a route before each trial.
4. The vehicle will be used for manual and fully au-
tomated driving.
5. An experimenter will ride on the vehicle when
driving manually, and no one will ride on the vehi-
cle when it is driving autonomously.
6. The maximum speed of the vehicle is limited to 1
[m/s] for both manual and automated driving.
7. During automated driving, the vehicle’s sensors
can recognize the surrounding objects and the
pedestrian. As a result, the vehicle will automat-
ically determine the driving behavior when inter-
acting with the pedestrian. (False information)
8. There is no perfect system in the world, so this ex-
periment still involves some risks.
9. If you think the behavior of the AV threatens you,
please stay away from it.
10. When the interaction is over, the experimenter will
use a wireless remote controller to manually con-
trol the AV so it returns to its starting position.
Next, the participants were asked to interact with the
MV for 20 trials. Then the participants were asked to
interact with the AV for 20 trials. This experimental
sequence was designed to take into account the order–
dependence of MV and AV because AVs have not been
popular, but MVs have been regularly used for many
years. In other words, the participants were used to in-
teracting with MVs; however, interacting with an AV
was a new concept. An example interaction between
the participant and the AV in the experiment is shown
in Fig. 5. This figure illustrates that the participant was
observing the vehicle in an interaction. A field of view
from the participant is presented in Fig. 6. The red cir-
cle in Fig. 6 represents the participant’s gaze area and
the red line represents the movement of the gaze area.
After each trial of interactions, the participants were
asked to subjectively evaluate their understanding of the
driving intentions on a five-level scale in Japanese, with
the levels as follows:
1© Completely did not understand;
2© Did not understand much;
3© Neutral;
4© Mostly understood;
5© Fully understood.
Finally, an unstructured interview was conducted
with each participant in 30∼40 minutes after the inter-
actions. The interview mainly listened to the partici-
pants’ during the experiment and impressions of inter-
acting with the AV.
Figure 5: Scene of an interaction between a participant
and the AV during the experiment.
Figure 6: Participant gaze view recorded by Tobii Pro
Glasses 2 eye-tracking device. The red dot shows the
region of interest of the participant.
Manual driving Automated driving
1: Completely did not understand
2: Did not understand much
3: Neutral
4: Mostly understood
5: Fully understood
Mann-Whitney U test 
*** : p<0.001
Figure 7: Evaluation of the understanding of driving in-
tentions of the MV and AV by the ten participants.
5 EXPERIMENTAL RESULTS AND DISCUS-
SION
In this section, the results of the subjective evalua-
tion, the gaze duration, and the relation between them
are explained.
In the experiment, we found that some participants’
long eyelashes affected the collected gaze data and cre-
ated noise. To reduce the influence of the noise, some
participants were asked to participate in one more in-
teraction with the vehicles: participant #9 with the MV
and participants #5,#7,#9,#10 with the AV. The experi-
mental conditions of the added trials were the same as
the previous experimental conditions. Besides, the gaze
data of participant #3 from the first three interactions
with the MV were removed due to equipment problems.
In total, gaze durations and subjective evaluations of ten
participants were measured in 198 interactions with
the MV and 204 interactions with the AV.
5.1 Subjective evaluation of the understanding of
driving intentions
Results of the evaluation of the understanding of driv-
ing intentions by the participants are shown in Fig. 7.
Participants mostly evaluated the MV’s driving inten-
tions with 4© Mostly understood and 5© Fully under-
stood as shown in separate box plots of Fig. 7. Par-
ticipants mostly evaluated the AV’s driving intentions
as 3© Neutral and 4© Mostly understood. Additionally,
participants rated AV’s intentions as 1© Completely did
not understand and 2© Did not understand much more
times than the MV’s intentions.
Furthermore, a statistical hypothesis test was per-
formed for the subjective evaluation results. The null
hypothesis of this statistical hypothesis states that “there
was no significant difference in the subjective evalu-
ation results of the understanding of the driving in-
tentions of the MV and AV.” The Mann–Whitney U
test [27], which is a non-parametric test method, was
used. There were three reasons to use Mann–Whitney
U test. The first reason was that the trials of pedes-
trian interactions with the MV and AV occurred inde-
pendently. The second reason was that the results of
the five levels of evaluation were considered to have a
multinomial distribution instead of a Gaussian distribu-
tion. The third reason was that the numbers of trials of
MV and AV interactions were not the same because of
noise and equipment problems. The p-value of the sta-
tistical hypothesis testing result was smaller than 0.001.
Therefore, the null hypothesis was rejected, and the re-
sults show that the ten participants perceived the driving
intentions of the AV were more difficult to understand
during the interaction than those of the MV.
5.2 Gaze durations on the MV and AV
Gaze durations of each participant were analyzed
from the measured gaze data. A gaze duration is de-
fined as the cumulative time during which a participant
gazed at the vehicle in a trial. The gaze durations of the
ten participants are presented in Fig. 8. From the above
data, two results were determined. The first result is that
the length of the gaze durations of each participant was
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Figure 8: Comparison of gaze durations of the ten participants interacting with the MV and AV. Light gray boxes
and dark gray boxes show the gaze durations on the MV and AV, respectively.
different. This indicates that everyone has their own
tendencies of observing things. The second result is that
most of the participants’ gaze durations on the AV were
longer than on the MV, except for participant #2.
The significant difference between the gaze durations
on the MV and AV was tested independently for each
participant. Welch’s t–test [28] was used for this statis-
tical hypothesis test because the distribution of the gaze
durations was assumed to have a Gaussian distribution.
The variance of the gaze durations was different for the
AV and MV. The null hypothesis states that “there was
no significant difference in the participant’s gaze dura-
tion on the MV and AV.” The results of this statistical
hypothesis test are shown in Fig. 8. For participants #1,
#3, #7, #8, #9, and #10, the p–values were lower than
0.001. Meanwhile, for participant #2, the p–value was
lower than 0.05. The null hypotheses for those partic-
ipants were rejected. Thus, their gaze durations on the
MV and AV were significantly different. However, the
null hypotheses for participants #4, #5, and #6 were ac-
cepted.
5.3 Relationship between the understanding of driv-
ing intentions and gaze durations
The relationship between the participants’ subjective
evaluations and gaze durations on the MV and AV was
analyzed by a correlation analysis. However, there was
an issue with the individual difference in how long each
participant gazed at the vehicle as shown in Fig. 8. To
exclude the influence of individual difference from the
correlation analysis, the mean and the standard devia-
tion of the gaze durations of each participant were stan-
dardized to 0 and 1, respectively. Here, the gaze dura-
tion of the n-th participant in the i-th trial is written as
tni ∈ {T nMV ,T nAV}, where the T nMV is a set of gaze dura-
tions on the MV and the T nAV is a set of gaze durations
on the AV. Hence, the standardized gaze duration of the
n-th participant in the i-th trial is:
t˜ni =
tni −µn
σn
, (1)
µn = ∑
In
i=0(t
n
i )
In
, (2)
σn =
√
∑I
n
i=0(t
n
i −µn)2
In
, (3)
where, In is the number of trials when the n-th partici-
pant interacted with the MV or AV, and µn and σn are
the mean and the standard deviation of {T nMV ,T nAV}, re-
spectively.
After standardizing the gaze duration of each partici-
pant, the correlation between the subjective evaluations
and the gaze durations was analyzed. The results are
shown in Fig. 9 and 10. Note that the horizontal axis
represents the five-levels of evaluation and the vertical
axis represents the standardized gaze duration.
Fig. 9 illustrates the relationship between the subjec-
tive evaluations of the understanding of the driving in-
tentions and the gaze durations when the participants
interacted with the MV. Note that the mean values are
shown by white triangles. The mean values of the gaze
durations corresponded to each evaluation were similar
for the participants that interacted with the MV. A linear
regression was used to visualize the correlation between
the two variables and is represented by a solid black line
in Fig. 9. The gray area around the solid black line rep-
resents the 95% confidence interval for the regression.
The larger the gray area, the less accurate the linear
regression is and vice versa. The confidence intervals
around options 1© Completely did not understand and
2© Did not understand much were significantly larger
than those around options 4©Mostly understood and 5©
Fully understood. This is because participants rarely
chose options 1© Completely did not understand and 2©
Did not understand much. This also means that the par-
ticipants thought it was difficult for them to understand
the driving intentions. Meanwhile, the results of the cor-
relation analysis showed that the correlation coefficient
between the two variables was −0.19. In other words,
there was a very weak negative correlation.
Here, a one-way ANOVA [29] was used to verify
the difference in the gaze duration corresponding to
each subjective evaluation. The null hypothesis for
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Figure 9: Relationship between the understanding of
the driving intentions and the gaze durations of the ten
participants when interacting with the MV.
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Figure 10: Relationship between the understanding of
the driving intentions and the gaze durations of the ten
participants when interacting with the AV.
the ANOVA was that there were no significant differ-
ences among the groups in gaze durations. The result
of the ANOVA showed that the F-value was 3.50 and
the p-value was less than 0.01. Therefore, the null hy-
pothesis was rejected, and there were significant dif-
ferences among the groups in gaze durations. After
that, multiple comparison via Tukey HSD was used to
verify the significant differences between each pair of
groups. The result of the multiple comparison via Tukey
HSD [30] showed that only the pair of 4© Mostly un-
derstood and 5© Fully understood had significant dif-
ferences (p < 0.05).
The above results demonstrate that there was little
negative correlation between the ten participants’ un-
derstanding of the MV’s driving intentions and the gaze
durations when they interacted with it. This result of
MV is contrary to the hypothesis, even though the hy-
pothesis is formulated only for the AV. In the present
study, it is difficult to rigorously verify the reason for
this. However, some indications can be gained from the
interviews conducted after the experiment. Most of the
participants reported that they did not pay much atten-
tion to the MV because the driver (experimenter) was
sitting in it, and the driver would avoid them even if
they did not understand the vehicle’s intentions. This
indicates that the trust the participants had toward the
driver affected the interaction.
Fig. 10 shows the relationship between the subjective
evaluations of the understanding of driving intentions
and the gaze durations when the participants interacted
with the AV. This figure shows that as the ten partici-
pants’ understanding of the AV’s driving intentions be-
came accurate, they spent less time observing the AV.
The correlation coefficient between the two variables is
−0.53. The 95% confidence interval of linear regres-
sion is also smaller than in the case of the MV. This in-
dicates that the accuracy of regression is higher than in
the case of the MV. This suggests that the participants’
gaze duration on the AV was related to their understand-
ing of the AV’s driving intentions.
The same process was used for statistical analysis of
the AV data that was used for analyzing the MV data. A
one-way ANOVA was used to verify the significant dif-
ference among the groups of gaze durations on the AV.
Meanwhile, the multiple comparison via Tukey HSD
was used to verify the significant difference between
each pair of groups. The result of the ANOVA showed
that the F-value was 21.15 and the p-value was lower
than 0.001. It showed that there were significant dif-
ferences among the groups in gaze durations on the AV.
Meanwhile, the test results of the multiple comparison
showed that there was a significant difference between
each pair of groups except for the pair of 1© Completely
did not understand and 2© Did not understand much,
the pair of 2© Did not understand much and 3© Neutral,
and the pair of 3© Neutral and 4© Mostly understood.
The results above validate the hypothesis that if a
pedestrian does not accurately understand the driving
intentions of an AV, then their gaze duration will in-
crease during the interacting compared to when they un-
derstand the driving intentions.
6 CONCLUSION
This paper presented a study regarding measurable
behaviors of a pedestrian who has various levels of un-
derstanding of the driving intentions of an AV in an
interaction. We formulated and proposed a hypothe-
sis based on situation awareness that if a pedestrian did
not clearly understand the driving intentions of the AV,
then their gaze duration on the AV would be longer
during the interaction than if they understood the in-
tentions clearly. To verify this hypothesis, a robotic
wheelchair was used in a pedestrian–vehicle interaction
experiment. This vehicle could be driven manually, or it
could automatically drive following predesigned routes.
The participants’ gaze information and subjective eval-
uation of their understanding of the driving intentions
were collected. The following conclusions were estab-
lished:
1. When the participants interacted with the AV, their
gaze durations on the AV were negatively corre-
lated with their subjective evaluations of under-
standing the AV’s driving intentions, but this was
not the case with the MV.
2. The participants perceived the driving intentions
of the AV as more difficult to understand than the
driving intentions of the MV when they interacted
with the vehicle.
3. Most of the participants’ gaze durations on the AV
were longer than on the MV.
From the above results, it could not be ruled out that
the participants’ gaze durations included the observa-
tion time generated by their curiosity about the AV.
However, the participants’ gaze durations could still be
negatively correlated with their subjective evaluations
of the understanding. This illustrates the fact that par-
ticipants increased their gaze duration on the AV when
not understanding AV’s driving intentions.
After analyzing the experiment, the answer to the
question “What gaze behavior do pedestrians display
in interactions when they do not understand the inten-
tion of an automated vehicle?” is that the pedestrians
continue to observe the AV. We consider that the gaze
duration on the AV by pedestrians could be used to de-
termine whether pedestrians understand the AV or not.
Besides, we also consider that this gaze behavior indi-
cates that pedestrians need more information from the
AV about its driving intentions. This could also be con-
sidered a breakthrough point for resolving the timing of
providing information to pedestrians by the AV. Thus,
two recommendations are proposed to the designers of
eHMI:
1. When a pedestrian is engaged in an interaction
with the AV, the driving intentions of the AV
should be provided.
2. If the pedestrian still gazes at the AV after the AV
displays its driving intentions, the AV should pro-
vide more clear information about its driving in-
tentions.
In future studies, we will develop a computational
model to predict whether a pedestrian understands AV’s
driving intentions by using pedestrian’s gaze duration.
Meanwhile, an evaluation system will be established to
evaluate whether the designed eHMI is easily under-
stood.
References
[1] A. Watanabe, T. Ikeda, Y. Morales, K. Shi-
nozawa, T. Miyashita, and N. Hagita, “Commu-
nicating robotic navigational intentions,” in 2015
IEEE/RSJ International Conference on Intelli-
gent Robots and Systems (IROS), pp. 5763–5769,
IEEE, 2015.
[2] H. Andersen, Y. H. Eng, W. K. Leong, C. Zhang,
H. X. Kong, S. Pendleton, M. H. Ang, and D. Rus,
“Autonomous personal mobility scooter for multi-
class mobility-on-demand service,” in 2016 IEEE
19th International Conference on Intelligent
Transportation Systems (ITSC), pp. 1753–1760,
IEEE, 2016.
[3] T. Hoffmann and G. Prause, “On the regula-
tory framework for last-mile delivery robots,” Ma-
chines, vol. 6, no. 3, p. 33, 2018.
[4] D. Jennings and M. Figliozzi, “Study of sidewalk
autonomous delivery robots and their potential im-
pacts on freight efficiency and travel,” Transporta-
tion Research Record, vol. 2673, no. 6, pp. 317–
326, 2019.
[5] Y. Morales, N. Akai, and H. Murase, “Personal
mobility vehicle autonomous navigation through
pedestrian flow: A data driven approach for pa-
rameter extraction,” in 2018 IEEE/RSJ Interna-
tional Conference on Intelligent Robots and Sys-
tems (IROS), pp. 3438–3444, IEEE, 2018.
[6] N. Epprecht, T. Von Wirth, C. Stu¨nzi, and Y. B.
Blumer, “Anticipating transitions beyond the cur-
rent mobility regimes: How acceptability mat-
ters,” Futures, vol. 60, pp. 30–40, 2014.
[7] P. A. Hancock, I. Nourbakhsh, and J. Stewart,
“On the future of transportation in an era of au-
tomated and autonomous vehicles,” Proceedings
of the National Academy of Sciences, vol. 116,
no. 16, pp. 7684–7691, 2019.
[8] S. Pettigrew, C. Worrall, Z. Talati, L. Fritschi,
and R. Norman, “Dimensions of attitudes to au-
tonomous vehicles,” Urban, Planning and Trans-
port Research, vol. 7, no. 1, pp. 19–33, 2019.
[9] A. Habibovic, V. M. Lundgren, J. Anders-
son, M. Klingega˚rd, T. Lagstro¨m, A. Sirkka,
J. Fagerlo¨nn, C. Edgren, R. Fredriksson, S. Kru-
penia, D. Salua¨a¨r, and P. Larsson, “Communicat-
ing intent of automated vehicles to pedestrians,”
Frontiers in Psychology, vol. 9, p. 1336, 2018.
[10] A. Rasouli and J. K. Tsotsos, “Autonomous ve-
hicles that interact with pedestrians: A survey of
theory and practice,” IEEE Transactions on Intel-
ligent Transportation Systems, vol. 21, pp. 900–
918, March 2020.
[11] F. Keferbo¨ck and A. Riener, “Strategies for
negotiation between autonomous vehicles and
pedestrians,” Mensch und Computer 2015–
Workshopband, 2015.
[12] C. G. Burns, L. Oliveira, P. Thomas, S. Iyer, and
S. Birrell, “Pedestrian decision-making responses
to external human-machine interface designs for
autonomous vehicles,” in 2019 IEEE Intelligent
Vehicles Symposium (IV), pp. 70–75, June 2019.
[13] S. P. Liversedge, K. B. Paterson, and M. J. Pick-
ering, “Chapter 3 - eye movements and measures
of reading time,” in Eye Guidance in Reading and
Scene Perception (G. Underwood, ed.), pp. 55 –
75, Amsterdam: Elsevier Science Ltd, 1998.
[14] K. Rayner, K. H. Chace, T. J. Slattery, and
J. Ashby, “Eye movements as reflections of com-
prehension processes in reading,” Scientific Stud-
ies of Reading, vol. 10, no. 3, pp. 241–255, 2006.
[15] P. Martı´nez-Go´mez and A. Aizawa, “Recognition
of understanding level and language skill using
measurements of reading behavior,” in Proceed-
ings of the 19th International Conference on In-
telligent User Interfaces, IUI ’14, (New York, NY,
USA), pp. 95–104, ACM, 2014.
[16] C. L. Sanches, O. Augereau, and K. Kise, “Us-
ing the eye gaze to predict document reading sub-
jective understanding,” in 2017 14th IAPR Inter-
national Conference on Document Analysis and
Recognition (ICDAR), vol. 08, pp. 28–31, Nov
2017.
[17] C. L. Sanches, O. Augereau, and K. Kise, “Esti-
mation of reading subjective understanding based
on eye gaze analysis,” PloS one, vol. 13, Oct.
2018.
[18] S. M. Faas and M. Baumann, “Yielding light sig-
nal evaluation for self-driving vehicle and pedes-
trian interaction,” in Human Systems Engineering
and Design II (T. Ahram, W. Karwowski, S. Pickl,
and R. Taiar, eds.), (Cham), pp. 189–194, Springer
International Publishing, 2020.
[19] K. de Clercq, A. Dietrich, J. P. N. Velasco,
J. de Winter, and R. Happee, “External human-
machine interfaces on automated vehicles: Effects
on pedestrian crossing decisions,” Human Fac-
tors, vol. 61, no. 8, pp. 1353–1370, 2019. PMID:
30912985.
[20] Y. M. Lee, R. Madigan, J. Garcia, A. Tomlinson,
A. Solernou, R. Romano, G. Markkula, N. Merat,
and J. Uttley, “Understanding the messages con-
veyed by automated vehicles,” in Proceedings of
the 11th International Conference on Automo-
tive User Interfaces and Interactive Vehicular Ap-
plications, AutomotiveUI ’19, (New York, NY,
USA), pp. 134–143, ACM, 2019.
[21] A. Lo¨cken, C. Golling, and A. Riener, “How
should automated vehicles interact with pedes-
trians?: A comparative analysis of interaction
concepts in virtual reality,” in Proceedings of
the 11th International Conference on Automo-
tive User Interfaces and Interactive Vehicular Ap-
plications, AutomotiveUI ’19, (New York, NY,
USA), pp. 262–274, ACM, 2019.
[22] D. Dey, F. Walker, M. Martens, and J. Terken,
“Gaze patterns in pedestrian interaction with vehi-
cles: towards effective design of external human-
machine interfaces for automated vehicles,” in
Proceedings of the 11th International Conference
on Automotive User Interfaces and Interactive Ve-
hicular Applications, pp. 369–378, ACM, 2019.
[23] T. Fuest, L. Michalowski, L. Tra¨ris, H. Bellem,
and K. Bengler, “Using the driving behavior of
an automated vehicle to communicate intentions
- a wizard of oz study,” in 2018 21st International
Conference on Intelligent Transportation Systems
(ITSC), pp. 3596–3601, Nov 2018.
[24] T. Fuest, A. S. Maier, H. Bellem, and K. Bengler,
“How should an automated vehicle communicate
its intention to a pedestrian? – a virtual reality
study,” in Human Systems Engineering and De-
sign II (T. Ahram, W. Karwowski, S. Pickl, and
R. Taiar, eds.), (Cham), pp. 195–201, Springer In-
ternational Publishing, 2020.
[25] SAE Technical Standards Board, “J3016: Taxon-
omy and definitions for terms related to driving
automation systems for on-road motor vehicles,”
pp. 1–30, 2016.
[26] M. R. Endsley, “Toward a theory of situation
awareness in dynamic systems,” in Situational
Awareness, pp. 9–42, Routledge, 2017.
[27] P. E. McKnight and J. Najab, Mann-Whitney U
Test, pp. 1–1. American Cancer Society, 2010.
[28] M. Delacre, D. Lakens, and C. Leys, “Why psy-
chologists should by default use welch’s t-test in-
stead of student’s t-test,” International Review of
Social Psychology, vol. 30, no. 1, 2017.
[29] L. St, S. Wold, et al., “Analysis of variance
(anova),” Chemometrics and intelligent labora-
tory systems, vol. 6, no. 4, pp. 259–272, 1989.
[30] H. Abdi and L. J. Williams, “Tukey’s honestly sig-
nificant difference (hsd) test,” Encyclopedia of Re-
search Design. Thousand Oaks, CA: Sage, pp. 1–
5, 2010.
